To determine whether chronic hypoxemia results in alterations in endocrine function that may contribute to growth failure, we measured growth hormone (GH), somatomedins (insulin-like growth factors I and II, IGF-I and IGF-2), hepatic growth hormone receptors, and circulating IGF-binding proteins IGFBP-3 and IGFBP-2 in 12 newborn lambs with surgically created pulmonic stenosis and atrial septal defect, and in 10 controls. During chronic hypoxemia (oxygen saturation of60-74% for 2 wk), weight gain was 60% of control (hypoxemic, 135±20 vs. control, 216±26 g/d, P < 0.02). IGF-I was decreased by 43% (hypoxemic 253.6±29.3 SE vs. control 448.0±75.5 ng/ml, P = 0.01), whereas GH was unchanged (19.9±5.1 vs. 11.9±3.0 ng/ml, NS). The increase in IGF-1 was associated with a decrease in IGFBP-3 (hypoxemic, 5.09±1.25 vs. control, 11.2±1.08 arbitrary absorbency units per mm (Au -mm), P < 0.01), and increase in IGFBP-2 (0.47±0.03 vs. 0.19±0.13 Auk mm, P < 0.05), but no significant downregulation of hepatic GH receptors (hypoxemic, 106.1±20.1 vs. control, 147.3±25.9 fmol/mg, NS). Thus, chronic hypoxemia in the newborn is associated with a decrease in IGF-I and IGFBP-3 in the face of normal GH. This suggests peripheral GH unresponsiveness, similar to protein-calorie malnutrition or GH receptor deficiency dwarfism, but mediated at a level distal to the hepatic GH receptor. (J. Clin.
Introduction
Growth failure is a frequent and serious complication in infants and children with chronic hypoxemia secondary to cyanotic congenital heart disease (14). Whereas recent surgical advances have allowed for early correction or palliation in most cases, many forms of cyanotic congenital heart disease are complex and not readily amenable to repair in early infancy. In this circumstance, surgical repair is usually delayed until the infant reaches a specified weight, yet the adverse effects ofchronic hypoxemia on growth make this a difficult goal to achieve. Although there have been several previous investigations to determine the etiology of growth failure during chronic hypoxemia, the exact mechanisms are still not well defined (5) (6) (7) (8) (9) (10) . Hypermetabolism (5, 6) , reduced visceral blood flow (1 1) , tissue hypoxemia (12) , reduced caloric intake (1, 12) , abnormalities in digestive enzymology (13) (14) (15) (16) , and alterations in growth hormone and insulin metabolism (17, 18) have been proposed as etiologies. However, previous studies in infants and children with cyanotic congenital heart disease have been complicated by difficulties in controlling for the multiple variables present in the clinical setting (6, 8, (19) (20) (21) (22) (23) .
To better determine the mechanisms underlying growth failure during chronic hypoxemia, Teitel and colleagues developed a model of cyanotic congenital heart disease in the newborn lamb (7) . These authors determined that chronically hypoxemic lambs grew at one-fourth the rate oftheir age-matched controls. Using this model, we have previously reported a decrease in both gastrointestinal tract blood flow and intestinal lactase activity during chronic hypoxemia (1 1, 13). The first purpose ofthe current study was to determine whether chronic hypoxemia during the newborn period is associated with alterations in the endocrine mediators of neonatal growth. These mediators include growth hormone (GH),' which exerts its growth-promoting effects on peripheral tissues through the actions of insulin-like growth factor (IGF-I) (somatomedin). IGF-I is bound in serum to IGF-binding proteins, and IGF-I synthesis in the liver is regulated by the binding ofgrowth hormone to specific GH receptors. Thus, we also sought to determine whether alterations of the growth hormone/somatomedin axis during chronic hypoxemia were related to downregulation of the hepatic growth hormone receptor, or to alterations in the IGF-binding proteins.
Methods
Surgicalpreparation. Chronic hypoxemia was produced in 12 newborn lambs, using a model ofcyanotic congenital heart disease developed by Teitel main pulmonary artery. This balloon occluder was left deflated during the immediate postoperative period, and in this state was nonrestrictive. All catheters were filled with heparin, plugged, and brought to the skin via a subcutaneous tunnel, and were protected by a zippered vest worn by the lamb. The lambs were then returned to their cages and bottle fed throughout the study period. The intravascular catheters were flushed with saline, and reheparinized daily during the 2-wk study period. Antibiotics (Dual-Pen, Tech America, Kansas City, MO) were given intramuscularly, immediately before each catheter flushing. Intramuscular iron dextran complex (equivalent to 100 mg of elemental iron) was given weekly to avoid the hemodynamic effects of iron deficiency.
Production ofchronic hypoxemia. After the lambs recovered for 3 d, hypoxemia was produced by gradually inflating the pulmonary arterial occluder balloon with saline, which partially obstructed the right ventricular outflow tract and induced atrial right-to-left shunting. The details ofthis gradual inflation procedure have been published previously (7) . Aortic oxygen saturation was measured by hemoximeter (model OSM3; Radiometer, Copenhagen, Denmark). By adjusting the degree of balloon inflation, aortic oxygen saturation was decreased to 60 to 74%, and was maintained at this level for2 wk. 10 additional lambs also underwent thoracotomies and placement of intravascular catheters, but did not have atrial septostomies or balloon occluders placed and served as normoxemic controls.
The lambs were bottle fed Land O' Lakes lamb milk replacer, consisting of 39% carbohydrates, primarily lactose, 24% protein, and 30% fat. This formula supplies 0.9 Kcal per cm3. The volume and frequency of feedings were: (a) a maximum of475 cm3 daily in 6 separate feedings from the first to the third days oflife; (b) a maximum of 710 cm3 daily in three feedings up to 2 wk, and then ad lib. quantities in three daily feedings afterwards. Daily oral intake and weekly weight gain were recorded. Growth rate was calculated as weight gain (g) per day.
Hormone assays. After 2 wk of hypoxemia in the experimental lambs, and at matched ages in the control lambs, morning fasting blood samples were obtained with the lambs resting quietly in a sling in a temperature controlled room. Plasma levels of growth hormone were determined by radioimmunoassay by Dr. Selna Kaplan at the University of California, San Francisco. Plasma levels of IGF-I and IGF-2 were also determined by radioimmunoassay, as previously described (24) . To determine the time course of IGF-1 changes, plasma levels were also obtained in six hypoxemic lambs within 3 d of the onset of hypoxemia, and compared to three age-matched controls.
Circulating IGF binding proteins. Levels of the circulating IGFbinding proteins IGFBP-3 and IGFBP-2 were measured, as described by Rosenbloom et al. (25) . Briefly, serum samples (2 Ml) were applied to a 4% stacking gel, and subjected to SDS-PAGE electrophoresis through a 10% polyacrylamide gel. Prestained molecular weight standards were run in parallel. After electrophoresis overnight under nonreducing conditions at 50 V per sample, the gels were washed for 15 were then incubated for 20 h with 106 cpm of 125I-IGF-II in 20 ml TBS containing 1% BSA and 0.1% Tween. The membranes were then washed with TBS, air dried, and exposed to Kodak X-Omat AR film for 3-5 d at -70'C. The autoradiographs were developed and scanned with a laser densitometer. The relative densities of the bands corresponding to IGFBP-3 and IGFBP-2 were expressed as AU. mm and buffer (for determination of total binding), or 10 Mg unlabeled oGH (for determination of nonspecific binding) in a total volume of 500 Ml assay buffer (described above). Tubes were incubated overnight at 4VC and quickly vacuum filtered through glass-fiber filters (GF/C; Whatman Inc., Clifton, NJ) and washed with 20 ml cold assay buffer. The filter-bound radioactivity was counted in a gamma counter. Specific binding was calculated as the total amount ofbound radioactivity minus that in the presence of unlabeled hormone. Receptor number was expressed as the amount ofspecifically bound radioactivity to protein concentration, assuming monoiodination of GH, and a constant ratio of hormone molecules to receptor molecules.
Statistical comparisons were made between hypoxemic and control values with an unpaired Student's t test, and data are shown as the mean±SE ofthe mean. Statistical significance was considered achieved when P < 0.05.
Results
Somatic growth. Lambs in the experimental group grew normally until the onset of hypoxemia, after which they grew at approximately one-third the rate of the controls (Fig. 1 ).
Growth-mediating hormones. During chronic hypoxemia, plasma levels ofIGF-I, the major postnatal somatomedin, were decreased by 43% (P = 0.01) (Fig. 2) . Levels of IGF-II, the major fetal somatomedin, were not different from control. Plasma levels ofgrowth hormone tended to be increased in the hypoxemic lambs; however, this difference did not reach statistical significance (Fig. 3) . This decrease in IGF-l probably occurs within the first 72 h after the onset of hypoxemia, as indicated by early measurements in several lambs (hypoxemic, 199±40 vs. control, 319±60 ng/ml), although this difference fell short ofstatistical significance due to the smaller number of subjects.
IGF-binding proteins and hepatic growth hormone receptors. Fig. 4 comparing levels ofIGF-binding proteins in control and hypoxemic lambs. Densitometric analysis demonstrated that plasma levels of IGFBP-3 were decreased by 55% in the hypoxemic lambs compared to controls (P < 0.01) (Fig. 5) . Conversely, levels of IGFBP-2 were increased in the hypoxemic lambs by 154% (P < 0.05). Although there was a tendency for growth hormone receptors to be decreased in the hypoxemic lambs, this difference did not reach statistical significance (Fig. 6 ).
Discussion
Growth failure is a serious complication in infants and children with chronic hypoxemia secondary to cyanotic congenital heart disease (1-4). Although growth failure may not correlate directly with the degree of hypoxemia, long-standing hypoxemia is associated with retarded skeletal maturation and pubertal delay (2, 4) . Palliative surgery alone may not result in increased growth despite improvement in systemic oxygenation, as long as systemic oxygen saturation is still below normal (31) . The exact mechanisms of this growth failure are still not well defined, and it is likely that the etiology is multifactorial. Increased cardiorespiratory work may result in an increase in caloric requirements (5, 6) . Although total body oxygen consumption is normal during chronic hypoxemia (5-8), there may be an increase in cardiorespiratory oxygen consumption, counterbalanced by a decrease in oxygen consumption directed towards growth (9, 10) . Reduced peripheral blood flow could also lead to alterations in growth. Cardiac output is redistributed during chronic hypoxemia, with decreases in gastrointestinal tract and carcass blood flows and oxygen delivery (11) . Tissue hypoxemia may directly affect DNA, protein and collagen synthesis (11, 32) , and enhance synthesis of oxygen-regulated proteins (33) .
The results of the current study demonstrate one potential mechanism for the growth failure associated with cyanotic congenital heart disease. Our results show that in lambs with chronic hypoxemia secondary to an intracardiac right-to-left shunt, levels ofIGF-I, one ofthe major endocrine regulators of postnatal growth, are decreased by almost half. Levels of growth hormone tended to be slightly greater in the hypoxemic lambs, although this difference did not reach statistical significance. There have been several previous clinical studies of growth-regulating hormones in patients with cyanotic congenital heart disease. Growth hormone levels are as much as sixfold greater in children with cyanotic heart disease, compared to controls and to children with acyanotic heart disease (23). Growth hormone levels are also elevated in high altitude dwellers with chronic hypobaric hypoxemia (34). Although IGF levels have not been previously measured in patients with cyanotic congenital heart disease, abnormalities of insulin release have been demonstrated (17, 18) , and insulin plays a significant role in the control of IGF-I production (10). Our finding of decreased IGF-I in association with normal levels of growth hormone is partially consistent with the findings ofprevious studies during other chronic stresses. In children with protein-calorie malnutrition, an inverse relationship between decreased IGF-I and elevated GH levels has been demonstrated, suggesting a block in synthesis or release ofIGF (35) . In patients with insulin-dependent diabetes and the Mauriac syndrome, there is a similar decrease in IGF and increase in GH (10) . It has been proposed that in these conditions of chronic stress, the elevated GH acts to preserve body protein and enhance fat-based metabolism, whereas the low level of IGF would divert metabolic energy away from growth (10) . Although total body oxygen consumption (Vo2) in our lambs (7) and in chronically hypoxemic infants (8) is not different from control levels, we speculate that a decrease in the component of Vo2 directed towards growth may be counterbalanced by an increase in cardiorespiratory Vo2 (7, 10) .
Our results also suggest that the decrease in IGF-I cannot be explained entirely by a downregulation of hepatic GH receptors. This is in contrast to other clinical conditions in which IGF is decreased and GH elevated. In GH receptor deficiency dwarfism, the decrease in IGF is secondary to a genetic abnormality of hepatic growth hormone receptors (25, 36) , and in experimental models of protein-calorie malnutrition, the decrease in IGF appears to be secondary to a downregulation of these receptors (37, 38 Figure 4 . Autoradiograph of a Western blot comparing levels of IGF-binding proteins in control and hypoxemic lambs (see Methods for details. All samples were run on the same gel which was cut once to group all controls and hypoxemics together.). these two binding proteins in patients with GH receptor deficiency (25) .
It is possible that the decrease in IGF-I we have described in this model is secondary to alterations in nutrition, rather than directly to hypoxemia. Although oral intake is similar in chronically hypoxemic lambs and normoxemic controls, activity of lactase, the principal digestive enzyme for carbohydrates in the newborn intestine, is substantially reduced (13) . However, previous studies in the rat have shown that the growth failure encountered during chronic hypoxemia cannot be attributed to alterations in nutrition alone (12) , and unlike in chronic malnutrition, where cell size is decreased, chronic hypoxemia results in a decrease in cell number (21) . Circulating inhibitors of IGF activity have been demonstrated in patients with proteincalorie malnutrition and diabetes (10, 35) . These inhibitors interfere with both peripheral IGF action and IGF feedback inhibition of GH release (10) . However, the decrease in IGF-I described in the current study was presumably independent of possible serum inhibitors, because IGF was assayed by radioimmunoassay after size-separation gel chromatography, rather than by bioassay.
Thyroid hormone also contributes significantly to postnatal growth. Previous studies in hypoxemic infants with chronic respiratory disease have demonstrated either decreased (42) or normal (37) levels ofthyroid hormones. Our previous demonstration that levels ofT3 and Free T4 in chronically hypoxemic lambs are not different from control (40) does not support a role for thyroid hormone alterations in this model of cyanotic congenital heart disease.
This study also does not attempt to isolate the effects of chronic hypoxemia from the additional hemodynamic, hematologic, and neurohumoral alterations present secondary to right ventricular outflow tract obstruction and atrial right-toleft shunting. It is possible that passive congestion could have altered hepatic synthesis of IGF-I. However, we have previously shown that central venous pressures are not altered in chronically hypoxemic lambs, and that there is no generalized decrease in hepatic protein synthesis, as determined by serum protein measurements (7) . Finally, our model is also potentially limited in that it does not produce in utero hemodynamic alterations or hypoxemia immediately after birth, as would be present in many infants with cyanotic congenital heart disease. We acknowledge this limitation in our model, however, recognizing that there are many cyanotic congenital lesions which are not associated with severe hypoxemia at birth, and in which progressive hypoxemia develops only over the first few months of life.
In summary, we have demonstrated decreased levels of IGF-I associated with growth failure in a model of cyanotic congenital heart disease in the newborn lamb. This decrease in IGF-I is associated with normal to slightly elevated levels of growth hormone. Unlike protein-calorie malnutrition, the mechanism for this decrease in IGF-I is not related to a significant downregulation of the hepatic growth hormone receptor. We speculate that the decrease in IGF-I may be secondary to alterations in signal transduction distal to the growth hormone receptor binding site. Alternatively, chronic hypoxemia may directly modulate transcriptional, translational, or posttranslational regulation of IGF-I, as it does for other proteins (39).
